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Abstract

A model to analyze lean systems reliability developed based on the premises that lean production
systems require four primary resources; materials, equipment, personnel, and schedule (Sawhney,
R., Subburaman, K., Sonntag, C., Capizzi, C. and Rao, P.V., 2009). The four primary lean
resources were independently analyzed, without due consideration to underlying relationships
within each other. In this research, relationships and interaction between root causes and lean
primary resources were conceptualized and developed. The development applied a five-phase
approach: 1. review of related literature, 2. decompositions of lean primary resources, 3. selection
of consensus root causes and questionnaire construct, 4. survey design and deployment, 5.
collection and analysis of data and relationship and model building. This approach harnessed real
world experiences of field experts. The result shows very significant levels of relationships and
interactions within root causes and lean primary resources. This result, applied to lean
implementation, is expected to enable experts to direct their efforts and resources to prevent
undesired events that have greatest impact on lean system.
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Chapter 1
1.1 Introduction
As businesses compete within a more global economy, the ability to decrease cost while increasing
quality is a constant concern for business leaders worldwide. This concern in recent years has motivated
many businesses, as never before to look for ways to gain competitive edge in challenging environment.
Therefore, many businesses are attempting several methods, but common among these methods is lean
production system (LPS). Lean is a business improvement methodology that offers an organization a
framework and tools to identify, approach, and prioritize process improvement initiatives to reduce
variation and waste [2-9]. Lean production is an integrated socio-technical system whose main objective
is to eliminate waste by concurrently reducing or minimizing internal variability. It is also an integrated
system composed of highly inter-related elements[10]. Understanding the basic concepts of lean
methodology is an important step but does not guarantee successful lean implementation. Studies have
shown that majority of the lean efforts have not been successful in sustaining lean [11-13]. One reason is
that lean encourages system efficiency, but if not appropriately implemented would reduce system
reliability. Reliability is generally, the ability of a system or component to perform its required functions
under stated conditions for a specified period of time [14]. Therefore, not all organizations are successful
in implementing and sustaining lean. A successful lean implementation is expected to realize its
anticipated results. However, much effort is expended in developing processes, tooling and technology to
support lean strategies. The four primary lean resources; materials, equipment, personnel, and schedule
are conceived, in this study, to interact with each other. Interaction is the direct effect change of state,
status or condition of a primary resource or its measurement items would have on other primary
resources. Interaction as well as relationships within lean primary resources is an important factor that has
not been thoroughly researched. This knowledge would reduce current lean implementation failure rate
which is well over 50 percent according to many lean advocates and professionals [15-16]. Only 17% of
1

businesses that set out to implement lean actually succeed in implementing and sustaining lean as shown
in Figure 1[17].

67%

17%

33%

Lean Failure

16%

Lean Not Sustained

Lean Sustained

Figure 1: Lean Failure

1.2 Problem Statement
A model to analyze lean system reliability has been developed in the department of Industrial
Engineering of University Tennessee based on the premises that lean systems require four primary
resources; materials, equipment, personnel and schedule [11]. This means that the functional status of
each of these resources needs to be independently maintained to sustain the lean system. Hierarchal Tree
Diagrams have also been developed for each of the four primary lean resources. However, the events
within each resource tree were assumed to be independent as shown in figure 2, therefore this model may
not be as robust as required. Independence assumptions mean that; the effect of changing status or
condition of a measurement item of a primary resource exclusively resides within the primary resource. In
figure 2, items that measure materials availability or root causes of failure were assumed to have no effect
on equipment, personnel or schedules. In many operational procedures, if one does not take into
2

consideration, the dependencies and interaction
interactions within these resources, a relevant knowledge would be
missing, this eventually would reduce efficienc
efficiency [18].

Figure 2: Primary Components of Lean Production Systems.

1.3 Conceptual Framework
A conceptual framework as shown in figure 3, attempts to provide in-depth
depth understanding of components
relationships. The importance of primary lean resources relationships as a way of exploring
explo
and
enhancing lean system reliability,, require a strategic approach for resource analysis
analysis. But it is important to
base ideas on the development of relations
relationships with a view to understand wider factors. Without a wide
tree network view, any approach to relationships, runs the risk of degenerating
nerating into short-term.
short
It may
also mean that a company might not be aware of the potential effects failure of a component would have
on its associated relationships in the tree network.
Therefore this thesis objective is:
interactions.
1. To determine primary resources dependencies and interactions
3

o

Iij = interactions between root causes of a primary resource and other primary resources.
resource

o

Iji = interactions between a primary resource and root causes of other primary resources.

This approach, when applied to lean implementation, is expected to enable experts to direct their efforts
and resources to prevent undesired events that have the greatest impact on the system.

Figure 3:: Relationships and Interactions of Primary Components of Lean Production Systems.
Systems

1.4 Significance of the Study
Lean implementation represents a fundamental change and most businesses have pursued change in a
tactical manner. However, many lean implementation efforts begin with much fanfare and fizzle out
within the first six months [19]. Also m
many businesses that introduced lean initiatives are not willing to do
what is really required to ensure success
success. The current trend suggests that most businesses have not been
able to capture or sustain the benefits of a lean transformation [11]. The motivation for this research is to
understand underlying links in lean production systems that have nnot
ot been given due consideration
consi
and
bridge the gap which causes potential failure of lean implementation.

4

1.4.1 Assumptions
1. Business leaders and consultants surveyed for this study have experience and knowledge of lean
enterprise methodologies.
2. Business leaders and consultants surveyed were involved in decision making at different points of
lean implementation in their organizations.
3. Respondents represent a random sample of the relevant population.
4. Lean implementation experts, operation management experts, lean production researchers,
industrial managers and supervisors and industrial engineering students are beneficiaries of this
work.

1.5 General Approach
In this thesis five phases were followed to establish relationships and interactions between primary lean
components and root causes, as shown in figure 4. The objective was defined in the first phase and
available literature was use to identify components of lean systems design. The second phase involved
decomposition of each primary resource to isolate probable root cause and the vetting of the isolated root
causes in a pre-pilot test to select consensus root causes. In phase three, involved transformation of
consensus root causes to measurement items as questionnaires constructed with respect to research
objective. Phase four consist of survey design, coding and deployment. Finally, phase five consist of data
collection and analysis, development of relationship, interaction and model building.

5

Figure 4: General Approach.

1.6 Organization of Thesis
There are five chapters in this thesis
thesis. Chapter one consist of six subtitles which are: introduction,
problem statements, assumptions, significant of the study, general approach and organization of thesis.
thesis In
chapter two; literature review referenced lean evolutionary trend and nomenclatures of lean components,
components
also studies that determined lean comp
components, measurement instruments and lean reliability.
reliability Chapter three
explained the methodology, justified selected root causes as measurement items and presented research
hypotheses while data analysis was presented in chapter four. Finally, chapter
er five discussed the results,
presented the derived model, limitations and future research direction.
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Chapter 2
Literature Review
2.1 Pioneers of Lean Philosophy
The field of lean methodology began with the Toyota Production System (TPS) [20]. Henry Ford may
have presented ideas that motivated Toyota to develop lean processes, but he did not implement lean
processes himself [21]. The two terms; lean methodology and TPS are used interchangeably in industry
today. Despite the fact that United States (U.S.) firms only recently began to adopt the philosophy, lean
enterprise techniques have been in existence for many decades [21].
The first widely known publication on lean enterprise was authored by Jones, Roos, and Womack [22].
Their work was a definitive publication on lean concepts and methodology in the automotive industry. It
gained popularity quickly as Toyota became a force to be reckoned in the automotive industry. Womack
has published numerous books on lean enterprise, but the emphasis in these works is related to
methodology, tools, mechanics, and basic concepts.

2.2 The Concept of Lean
Lean represents a significant departure from the automated factory so popular in recent years. It is about
doing more with less: less time, inventory, space, labor, and money. The "less is better" approach to
manufacturing, leads to a vastly simplified, remarkably uncluttered environment that is carefully tuned to
the customer's demands.
Products are manufactured one at a time in response to the customer's requirements rather than batch
manufactured for stock. The goal is to produce only the quantity required and no more [23]. Lean
manufacturing a short hand for a commitment to eliminating waste, simplifying procedures and speeding
up production. Also its basic form is the systematic elimination of activities that do not add value:

7

overproduction, waiting, transportation, inventory, motion, over processing, defective units and the
implementation of the concepts of continuous flow and customer pull [24].
Shah et al. defined lean production as an integrated socio-technical system whose main objective is to
eliminate waste by concurrently reducing or minimizing supplier, customer and internal variability. Their
definition met criteria suggested by Wacker who suggested that a conceptual definition should show
evidence of clarity, communicability, consistency, parsimony, differentiability, inclusivity, and
exclusivity [10, 25]. However, there is no cookbook for manufacturing; each firm has its own unique set
of products, processes, people, and history. While certain principles may be immutable, their application
is not [26]. Therefore, as lean manufacturing grows in acceptance, its technique, metrics or assessment
factors vary [27].
Furthermore, lean production is conceptually multifaceted, and its definition span philosophical
characteristics that are often difficult to measure directly. In general, lean production is an integrated
system composed of highly inter-related elements. In explaining inter-relationships, researchers
frequently rely on the statistical significance of the empirical results. However, statistical significance is
a necessary but not a sufficient condition to explain the inter-relationships in a system [10].
Above all, the main objective of lean production is to eliminate waste by reducing or minimizing
variability. Reducing variability relating to one source at a time helps a firm in eliminating waste from the
system; not all waste can be addressed unless firms attend to each type of variability concomitantly. That
is, processing time variability cannot be eliminated unless supply and demand variability is reduced. Also,
variability in setup times and delivery scheduled by suppliers contribute to firms holding excess inventory
in order to prevent starving downstream works. But reducing set up time variability alone does not
eliminate excess inventory from the system, because firms will continue to hold excess inventory to
accommodate variability in supplier delivery [10]. This therefore, supports the need for in-depth
understanding of lean resource relationship.
8

2.3 Lean Primary Resources
There are no consensus measurement scales, components or items for lean manufacturing primary
resources as well as the resources’ nomenclature. However, there are different independent attempts that
closely classified lean resources or lean components. These independent attempts seem to agree on broad
perspective but differ a great deal on specific content of each resource.
The basic building block of manufacturing was described by Smalley as the basic stability, this implies
general predictability and consistent availability of manpower, machines, materials and methods, the
“4Ms” [28]. Sawhney et al. identified materials, equipment, personnel and schedules as four primary
resources required in a lean production system [11]. Shah and Ward stated four bundles of inter-related
and internally consistent practices: just-in-time (JIT), total quality management (TQM), total preventive
maintenance (TPM) and human resource management (HRM) which were investigated on their effects on
operational performance [29]. Similarly, Pont identified three main lean manufacturing bundles, namely
Just in Time (JIT), Total Quality Management (TQM) and Human Resource Management (HRM) that
mediate and directly affect operational performance [30]. Therefore, the four lean primary resources are
similar to 4M’s of manufacturing, four lean bundles as three lean manufacturing bundles as shown in
Table 1.
Table 1: Lean Components
4 M’s of
Manufacturing
[28]
Materials

Lean Primary
Resources [11]
Materials

Machine

Equipment

Manpower

Personnel

Methods

Schedules

Four Lean Bundles [29]
JIT (Just-In-Time)
TPM (Total Preventive
Maintenance)
HRM (Human Resource
Management)
TQM (Total Quality
Management)

9

Three Lean
Manufacturing
Bundles [30]
JIT

HRM
TQM

Therefore, there are substantive disagreement on what comprises lean production and how it could be
measured operationally [10]. Many researchers argue that lean production system as an integrated
manufacturing system, requires implementation of a diverse set of manufacturing practices. Literature
indicates existence of many descriptions of lean production and its underlying resource components along
with a few conceptual definitions. Some concepts have metamorphosed into new status over time, for
instant, preventive maintenance has been used as one of the underlying dimensions of JIT, but is now
established as independent construct and used to predict manufacturing performance [29].
The Table 2 shows literature based lean practices and measures that are common practice to lean
production. These practices and measures also overlap with other methods. Most of the root causes used
in this research was derived from these measures and practices. A practice would be classified as a root
cause if its implementation is not effective. Decomposition of a practice to find out causes of its
ineffectiveness results to root causes as used in this research. Also, root causes were used for
questionnaire construct (a construct is not restricted to one set of observable indicators or attributes).
However, there are root causes that were dropped because of repeated occurrence or glaring confounded
with others.
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Table 2: Lean System Design – Operational instruments used to measure lean components
A
B
C
D
E
F
G
TQM
Lean
TQM
TQM

Scale/individual measure
Continuous improvement
Statistical process control
Group problem solving
Training
TQM
TPM
Common
Cross functional team
TQM
TPM
Employee involvement
Common
Kanban/pull production
JIT
JIT
Equipment layout
JIT
(Continuous) flow
Daily schedule adherence
TPM
JIT
Cellular manufacturing
JIT
Just in time (JIT) principles
TQM
Quality Management (QM)
JIT
Workforce management
Setup time reduction
JIT
JIT
Small lot size (reduction)
Pull system (support)
Workforce commitment
Preventive maintenance
JIT
Product design
TQM
JIT delivery by suppliers
JIT
Supplier (quality) level
TQM
Supplier relationship/involvement
TQM
Customer focus/involvement
TQM
TQM
JIT link with customers
product mix
Communication
Forecast
Inventory management
Standard Operating Procedure
A [31]; B [32]; C [33]; D [34]; E [35]; F [29]; G [36]; H [10]; I [11]; J Current study
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HRM
HRM

HRM
HRM

JIT
JIT

JIT

Lean

H
Lean
Lean
Lean
Lean
Lean

JIT

Lean
Lean
Lean

JIT

Lean

I
Lean

X
Lean
Lean
Lean
Lean
Lean

JIT

JIT
JIT

JIT
JIT

Lean

TPM

Lean
Lean

Lean
Lean
Lean

X
X
X
X
X
X

Lean
Lean
Lean

X
X
X
X

Lean

JIT
TQM
TQM
JIT

Lean
Lean

J

Lean
Lean
Lean
Lean
Lean
Lean

X
X

X
X
X
X
X

2.4 Lean Reliability
There are no substantial work that addressed lean systems reliability until Robert Keyser developed Lean
System Reliability Model (LSRM), which principally modeled the reliability of lean subsystems as a
basis for determining the reliability of the whole system [37]. In his model, he compared Monte Carlo
simulation results with historical data results. However, what if historical data is not easily available?
Also, Sawhney et al. used modified Failure Modes and Effect Analysis (FMEA) in their efforts to
integrate lean principles with reliability models [11]. FMEA is a procedure in product development and
operations management for analysis of potential failure modes within a system for classification by the
severity and likelihood of the failures. A successful FMEA activity helps a team to identify potential
failure modes based on past experience with similar products or processes, enabling the team to design
those failures out of the system with the minimum of effort and resource expenditure, thereby reducing
development time and costs. It is widely used in manufacturing industries in various phases of the product
life cycle and is now increasingly finding use in the service industry. Despite potential benefits of FMEA
or modified FMEA, effectiveness of its use depends on the cooperation of team members. What happens
if team members are not responsive to the rigors of ranking measurement items? Fault Tree Analysis
techniques have also been used for process improvement and process reliability.

2.5 Root Causes
2.5.1 Root cause analysis
Root cause analysis is a problem solving method aimed at identifying the root cause of an undesired
event. The practice of Root Cause Analysis (RCA) is predicated on the belief that undesired events or
problems are solved by attempting to address, correct or eliminate root causes, as opposed to merely
addressing the immediately obvious symptoms. By directing corrective measures at root causes, it is more
probable that problem recurrence will be prevented. However, it is recognized that complete prevention of
12

recurrence by one corrective action is not always possible. Conversely, there may be several effective
measures that address the root cause of a problem. Thus, RCA is often considered to be an iterative
process, and is frequently viewed as a tool of continuous improvement [38]. However, knowledge of
RCA is not sufficient [39].

2.5.2 Fault tree analysis
Fault trees analysis (FTA) is RCA technique in which an undesired state of a system is analyzed using
boolean logic technique to combine series of lower-level events, also it can be applied to analyze system
reliability and its related characteristics. Fault Tree Analysis (FTA) was originally developed in 1962 at
Bell Laboratories by H.A. Watson, under a U.S. Air Force Ballistics System Division contract to evaluate
the Minuteman I International Ballistic Missile (ICBM) Launch Control System. Following the first
published use of FTA in the 1962 Minuteman I Launch Control Safety Study, Boeing and AVCO
expanded use of FTA to the entire Minuteman II system in 1963-1964 [40]. The symbolic representation
of a logical constructs used in a FTA is known as fault tree diagram (FTD). FTD consist of gates and
events connected with lines. The diagram segment provides a visual model that very easily portrays
system top-down relationships. The logic segment of the model provides a mechanism for qualitative and
quantitative evaluation. The relationships in this analysis are explicit and it does not identify nor have the
capability to address implicit relationships.

2.6 Interactions and Relationships
Interaction occurs when two or more objects have an effect upon one another. The idea of a two-way
effect is essential in the concept of interaction, as opposed to a one-way causal effect. In statistics, the
presence of interaction can have important implications for the interpretation of statistical models. If two
variables of interest interact, the relationship between each of the interacting variables and a third
dependent variable depends on the value of the other interacting variable. In practice, this makes it more
13

difficult to predict the consequences of changing the value of a variable, particularly if the variables it
interacts with are hard to measure or difficult to control [41].
Production systems do not have unique complexity, but varies upon structural configuration and product.
However, lean efforts are geared toward reducing level of complexity to enhance smooth flow of raw
materials through production processes and delivery of final product to the consumer or end user. The
problem for managers is to find the appropriate way to organize resources, enable communication, and
synchronize actions. The implication of such a dynamic approach is that managers and engineers must
understand and take into account interdependencies and relations, and the information that needs to be
exchanged, not only within each domain but also across domains. Managing complex systems is therefore
a core competency to successfully run any business [18].

14

Chapter 3
Methodology
3.1 Research Design
The objective of this work is to study the relationships within root causes in lean primary resources as
well as interactions across resources. This chapter presents a two-phase approach used in selecting
probable root causes as items for questionnaire construct. The first phase, involved the decomposition of
four lean resources to identify the root causes of failure as suggested by Sawhney et al. [11], itemizing
and sorting identified root causes. The second phase, used identified root causes items to development
appropriate questionnaire constructs and the determination of appropriateness of each construct used.

Effective requirement for a good measure is content validity, which means that the measurement items
should cover major content of a construct [36]. The questionnaire constructs in this study passed through
several iterations of reviews. Based on the feedback received, redundant and ambiguous items were
modified or eliminated. Content validity is usually achieved through comprehensive literature review
and interviews with practitioners as well as academia.

3.2 Identifying Root Causes
The determination of root causes followed a logical sequence that isolated the facts surrounding an event
or failure as shown in figures 5-8. As an illustration, the decomposition of the equipment failure
followed “five-why” steps [18]. There are different root causes for different equipment. Equipment in
this instance requires proper calibration, adequate capacity and maintenance. These requirements are
connected with an “OR” gate, which indicates that failure to meet any one of these requirement would
impact equipment reliability. Also, work station design, imbalance line, processing time variation and
change of scheduled capacity are possible causes of inadequate capacity. The paths or possible causes of
failure at any level, to meet these requirements were deduced to the root causes. Imbalance line may be
caused by design setup, lot size or product mix, while design setup error may be caused by using wrong
15

part or caused by operator that was not adequately trained. Also, root causes for materials, personnel and
schedules failures were deduced in similar manner, with OR gates [18]. Decomposition of equipment,
procedure, training and communication failures as used by Keith Mobley are shown in figures 9-11.

Figure 5: Equipment Decomposition

16

Figure 6 Personnel Decomposition

Figure 7 Materials Decomposition

17

Figure 8 Schedules Decomposition

Figure 9: Common causes of equipment failure [1].
18

Figure 10: Common causes of procedure-related problems [1].

Figure 11: Common causes of training-related problems [1].
19

Figure 12: Common causes of communications problems [1].

3.3 Instrument Development
Instrument development has two sections. Section one was designed to categorize respondents based on
relevant work experience and job title. Section two has thirty measurement items developed from
decomposition of probable root causes of failure and the review of related literature as compiled in table
2. In the pre-test study, identified items were reviewed by 12 practitioners whose opinions were sort on
the appropriateness of the constructs. The constructs were modified based on their feedback. The final
instrument in Appendix B was adopted after a consensus by reviewers.

3.3.1 Employee workload
Workload is a hypothetical construct which has been developed and is widely applied within the domain
of human factors (HF) psychology. Also, workload in the HF psychology sense has been demonstrated
to be a key determinant of stress and fatigue levels among employees performing repetitive,
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manufacturing work tasks [42]. The practices and norms of most organizations tend to value workers
who spend long hours at work. Some managers tend to believe that more work leads to better business
out-put. Heavy employee workload is not necessarily more effective, in fact it is associated with poor
business outcome and reduced employee innovation potential [43]. The worker is at the heart of
application of the lean production model, hence the human asset is the key to long-term superior
organizational performance [44].

3.3.2 Running equipment beyond its design specification
Misapplication of critical process equipment is one of the most common causes of equipment-related
problems. In some cases, the reason for misapplication is uncontrolled modification or changes in the
operating requirement of the machine [1]. Equipment modifications are sometimes necessary to meet
customer specifications or other production needs. Also, modification of equipment beyond its design
specification often undermine workers safety and constitute tremendous industrial hazard [45].

3.3.3 Lack of cross functional training
The ability to rapidly and continuously design, develop, and adapt a business processes in an agile fashion
is a huge business advantage [46]. In essence, many organizations are going from a mode where one
person handles a function to a team approach where every team can handle any task [47]. It is therefore
imperative to train individual members of a production team across different functions.

3.3.4 Lack of effective communication between employee
The lack of effective employer-employee exchange of communication is the primary cause for corporate
sabotage in the event of major corporate change [48]. A good style of management, as well as positive
approach to communication, ensures that an employee and a supervisor understand each other, and are
more effective at the workplace. Effective communication in the workplace provides employees with a
clear understanding of what is demanded from them, with knowledge of what to expect [49].
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3.3.5 Carrying cost of production materials
Carrying cost is the cost of maintaining, and holding inventory. Warehouse, insurance costs, financing
costs, pilferage, obsolescence, and spoilage are the major components of this cost [50]. It is a critical
factor in deciding what production materials to stock and when to reorder them and the best quantity to
order [51]. Several important decisions are predicated on knowledge of the inventory carrying costs.
Basic questions concerning inventory strategy can be properly made after knowledge of the cost of
carrying inventory. Aspects of this vital cost can be described and evaluated from a variety of
perspectives.

3.3.6 Inadequate inspection
One of the basic ideas behind lean production is to eliminate all forms of waste in a production system
[52]. Strategic inspection is imperative to eliminate or reduce defects, reworks and scraps. To monitor the
quality of the product, one needs to inspect the work-in-process inventory at various production stages
[53]. Many authors have proposed different models of early in-line and multistage inspection [54],
apparently inspection at the upstream level of a production system seems prevalent.

3.3.7 Change in equipment capacity
Change in equipment capacity affects overall equipment effectiveness [55]. Equipment failure, unplanned
maintenance and change over time reduce equipment capacity. Equipment in a production system is part
of the fixed cost and often requires huge capital investment. Many firms operate with fixed annual
budgets which sometimes limit expenditure on equipment purchase [56].

3.3.8 Change in equipment operator
Shift change is common in a production system, and each shift involves different set of individuals.
Equipment is operated by different operators depending on number of shifts a production system runs.
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Also, change in operator may be due to employment of temporary worker or new employee. The question
is, does change in equipment operator affect a lean production system?

3.3.9 Inventory level
Inventory is a quantity or store of goods that is held for some purpose. In common terms it means a store
quantity of goods that exceeds what is needed for the firm to function at the current time. A manufacturer
must have certain purchased items (raw materials, components, or subassemblies) in order to manufacture
its product. Running out of only one item can prevent a manufacturer from completing the production of
its finished goods.

Inventory between successive dependent operations also serves to decouple the dependency of the
operations. A machine or work center is often dependent upon the previous operation to provide it with
parts to work on. If work ceases at a work center, then all subsequent centers will shut down for lack of
work. If a supply of work-in-process inventory is kept between each work center, then each machine can
maintain its operations for a limited time, hopefully until operations resume at the original center. Firms
that carry hundreds or even thousands of different part numbers can be faced with the impossible task of
monitoring the inventory levels of each part number [57].

3.3.10 Using production equipment beyond its useful life
Acquiring manufacturing equipment involves significant expenditure and some amount of risk due to
uncertainty in economic conditions. Many manufacturing firms are more likely to use a piece of
equipment beyond its useful life due to financial burden. Most often, decision to purchase new or
replacement equipment is based on return on investment (ROI), payback period, safety, ergonomics, and
bottleneck. The median payback period requirement set by most firms is two years [58]. However,
meeting this requirement would be a daunting challenge for most firms, and absolute physical life is
becoming a norm.
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3.3.11 Deviation from standard operating procedure
Standard operating procedure is a set of instructions covering definite features of operations without loss
of effectiveness. The procedure is applicable unless prescribed otherwise in a particular case; thus, the
flexibility necessary in special situations is retained [59].

3.3.12 Inadequate cash flow
Cash flow is simply the net amount of cash generated and cash used by a business during a given period.
The difference between the cash generated and used is the net cash flow and provided the cash generated
is the higher number then the business should be solvent [60]. Financial constraints play a significant role
in determining the probability of firm survival, even after controlling for size, age, profitability and
productive efficiency [61].

3.3.13 Lack of skill required to operate equipment
It is widely known that untrained and unskilled operators increase the cost of maintenance due to
improper use of equipment leading to equipment damage, downtime and safety hazards [62]. Acquisition
of appropriate skill set by equipment operators is no doubt necessary for success of any firm.

3.3.14 Lack of employee motivation
Many contemporary authors have defined the concept of motivation as the psychological process that
gives behavior purpose and direction [63]: a predisposition to behave in a purposive manner to achieve
specific, unmet needs [64], an internal drive to satisfy an unsatisfied need [65] and the will to achieve
[66]. Motivation is operationally defined as the inner force that drives individuals to accomplish personal
and organizational goals [67]. Motivating employees in a lean production system is therefore necessary to
attain and sustain organizational goals.
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3.3.15 Multiple product mix
The product mix is generally defined as the total composite of products offered by a particular
organization, consists of both product lines and individual products. A product line is a group of products
within the product mix that are closely related, either because they are produced along the same line,
function in a similar manner, are sold to the same customer groups, are marketed through the same types
of outlets, or fall within given price ranges. A product is a distinct unit within the product line that is
distinguishable by size, price, appearance, or some other attribute. Inappropriate product-mix may lead to
under utilization of capacity, overproduction or failure in timely delivery [68].

3.3.16 Change in product demand
The demand analysis focuses on determining the demand schedule for product, in which the elasticity of
demand is of particular importance. If a product has a particularly high elasticity of demand, small
changes in price result in large changes in quantity [69]. Lean processes should be adaptive and adjustable
to absorb changing demand.

3.3.17 Unscheduled equipment maintenance
Most complex manufacturing systems have interconnected machines where each machine is dependent on
machines upstream that provide work-pieces for processing at machines downstream as well as accepting
the finished work-pieces for further processing [70]. Therefore a good maintenance policy should not
only consider single machine degradation, but also the dependencies between machines.

3.3.18 Fatigue
Work can be fulfilling, dynamic and challenging, but it can also be exhausting. Fatigue is the state of
feeling very tired, weary or sleepy resulting from insufficient sleep, prolonged mental or physical work,
or extended periods of stress or anxiety. Boring or repetitive tasks can intensify feelings of fatigue [71].
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3.3.19 Processing time variation
Processing time is the time it takes to complete a prescribed procedure, usually decreasing processing
time increases output. Accuracy in processing time estimation of manufacturing operations is
fundamental to achieve more competitive edge [72-73].

3.3.20 Ordering cost of required materials
Also known as purchase cost or set up cost, this is the sum of the fixed costs that are incurred each time
an item is ordered. These costs are not associated with the quantity ordered but primarily with physical
activities required to process the order. For purchased items, these would include the cost to enter the
purchase order and/or requisition, any approval steps, the cost to process the receipt, incoming inspection,
invoice processing and vendor payment, and in some cases a portion of the inbound freight may also be
included in order cost. It is important to understand that these are costs associated with the frequency of
the orders and not the quantities ordered [74].

3.3.21 Change of scheduled capacity
In manufacturing, capacity scheduling is an approach to understanding how much work can be produced
in a certain time period, taking limitations on different resources into consideration. The goal of finite
capacity scheduling is to ensure that work proceeds at an even and efficient pace throughout the plant.
Infinite capacity scheduling does not account for limitations that occur in real time [75].

3.3.22 Supplier constraints
Unreliable vendors that miss delivery dates or deliver wrong items can slow down or halt a manufacturing
process. Most manufacturers are very careful about vetting their vendors. Relationship building with
suppliers is highly correlated with firm performance [76].
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3.3.23 Inadequate order quantity
It is sometimes difficult to determine the most economically efficient amount of materials to order at a
given time. Economic factors such as volume discounts, inventory receiving and storage costs, usage
rates, and risks associated with running out of stock, as well as the average time from order to delivery,
are factored into the determination of optimal economic order quantity [77].

3.3.24 Employee absence at work
A satisfactory level of attendance by employees at work is necessary to allow the achievement of
objectives and targets. Employee absences are both costly and disruptive. Productivity losses due to
employee absence cost organizations millions of dollars each year [78-79].

3.3.25 Inaccurate calibration of equipment
The need to improve quality, measure tighter tolerance and comply with standards forces quality
managers to continuously improve efficiencies. Measurement equipment should always be calibrated
frequently. If equipment is not calibrated measurements would not be correct and data would lead to
wrong interpretation and solution.

3.3.26 Poor crew teamwork
Manufacturing technologies that require simultaneous presence of an entire shift of workers or work
team, show that the profitability of the firm depends on its ability to coordinate essentially identical hours
for each worker [79]. Ideally, teams should be composed of members who can contribute a cross-section
of ideas and views on the designated process. Working together, team members focus their own skills and
the collective outcome of this cooperation should then extend beyond the sum of the contribution of each
individual to form into a higher team performance capacity.

3.3.27 Poor forecast
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There has never been greater pressure on businesses to forecast quickly and accurately, as companies seek
to reduce work in progress (WIP), optimize value streams and drive profit through internal efficiencies
such as reducing their working capital. Most manufacturing organizations need to reduce inventory or
stock held against projected demand yet maintain the agreed customer service levels. Accurate and quick
forecasting is therefore an obviously low cost way to achieve this. For many businesses however
inaccurate and late forecasting is severely damaging their profitability and threatening their future
survival [80].

3.3.28 Error in balancing production line
Assembly Line Balancing, or simply Line Balancing (LB), is the problem of assigning operations to
workstations along an assembly line, in such a way that the assignment be optimal in some sense. LB has
been an optimization problem of significant industrial importance, the difference between an optimal and
sub-optimal assignment can yield or waste millions of dollars per year [81-83].

3.3.29 Workstation design error
Good workstation design can lead to more effective and contented employees [84]. Employees often
spend long periods standing, performing repetitive motions over the course of their shift. Ergonomic
interventions significantly reduce the physical impact of these industrial tasks. Customizing the industrial
workstation from the bottom up provides extra support, decreasing work-related repetitive stress injuries
and increasing productivity [85].

3.3.30 Role ambiguity
Lack of clarity about expected behavior from a job or position. Role ambiguity has a negative and direct
impact on employee creativity [86]. Also, it may occur in newly created posts or in positions that are
undergoing change. When role ambiguity extends to responsibilities or priorities it can lead to role
conflict.
28

3.4 Hypotheses
Response for each item is dichotomous, mutually exclusive and equally likely, therefore, the null
hypothesis for each item is thus; there is no significant difference between number of “yes” and “no”
responses. The binomial test of significance determines if there is significant difference between number
of “yes” responses and “no” responses for each item. The binomial test is useful for determining if the
proportion of people in one of two categories is significantly different. Table 3, shows items null
hypotheses. H0 = null hypothesis, H1 = alternative hypothesis, P = Probability, α = 0.05.

H0: Pyes = Pno = 0.5
H1: Pyes ≠ Pno ≠ 0.5
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Table 3: Items Null Hypotheses
Hypotheses

Affects
Materials

Affects
Equipment

Affects
Personnel

Affects
Schedules

1

Employee workload

H0:

H0:

H0:

H0:

2

Running equipment outside design specification

H0:

H0:

H0:

H0:

3

Lack of cross functional training

H0:

H0:

H0:

H0:

4

Lac of effective communication between employee

H0:

H0:

H0:

H0:

5

Carrying cost of production materials

H0:

H0:

H0:

H0:

6

Inadequate inspection

H0:

H0:

H0:

H0:

7

Sudden change in equipment capacity

H0:

H0:

H0:

H0:

8

Change in equipment operator

H0:

H0:

H0:

H0:

9

Inventory level

H0:

H0:

H0:

H0:

10

Using production equipment beyond its useful life

H0:

H0:

H0:

H0:

11

Deviation from standard operating procedure

H0:

H0:

H0:

H0:

12

Inadequate cash flow

H0:

H0:

H0:

H0:

13

Lack of skill required to operate equipment

H0:

H0:

H0:

H0:

14

Lack of employee motivation

H0:

H0:

H0:

H0:

15

Multiple product mix

H0:

H0:

H0:

H0:

16

Change in product demand

H0:

H0:

H0:

H0:

17

Unscheduled equipment maintenance

H0:

H0:

H0:

H0:

18

Fatigue

H0:

H0:

H0:

H0:

19

Processing time variation

H0:

H0:

H0:

H0:

20

Ordering cost of required materials

H0:

H0:

H0:

H0:

21

Change of scheduled capacity

H0:

H0:

H0:

H0:

22

Supplier constraints

H0:

H0:

H0:

H0:

23

Inadequate order quantity

H0:

H0:

H0:

H0:

24

Employee absence at work

H0:

H0:

H0:

H0:

25

Incorrect calibration of equipment

H0:

H0:

H0:

H0:

26

Poor crew teamwork

H0:

H0:

H0:

H0:

27

Poor forecast

H0:

H0:

H0:

H0:

28

Error in balancing production line

H0:

H0:

H0:

H0:

29

Work station design error

H0:

H0:

H0:

H0:

30

Role ambiguity

H0:

H0:

H0:

H0:
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Chapter 4
Data Collection and Analysis
4.1 Sample Selection
The idea behind this study is to harness experiences of industrials experts who have worked or are still
working in production and production related firms. They consist of experts at different levels of business
leadership but not limited to those that have successfully implemented lean processes. These respondents
were sought because of their broad perspective and experience in organization’s activities. They are
representative of general population of business and industrial leaders. Therefore, the resulting list is well
suited for this study. However, the questionnaire asked respondents to indicate their years of experience,
with a view to screening respondents based on years of experience.

A mailing list for industrial practitioners was obtained from the University of Tennessee, Center for
Industrial Services (CIS). The CIS has being a major player in industrial growth in Tennessee and
beyond [87]. They have a depository of names of large, medium and small scale industries in Tennessee.
The list contains email addresses and job titles of 3042 industrial employees. Also, another mailing lists
from Center for Productivity Innovation (CPI) in department of Industrial and Information Engineering
at the University of Tennessee. This center has a reputation in process improvement and has many
industrial clients in United States and Mexico [88]. The mailing lists contain names of organizations,
employee name, job titles and email addresses of representatives of industrial clients. However, CIS was
adopted as primary source for developing respondents’ profile.

4.2 Item Coding and Data Collection
Research Computing Support in the Office of Information Technology at the University of Tennessee
hosted the server used in collecting data for this study. They also assisted in setting up mailing list for
respondents. The software used by this office is mrInterview; Statistical Package for Social Science
(SPSS) now known as Predictive Analytic Software (PASW) [89-90].
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In an effort to increase the response rate and lower potential non-response bias, [91] total design method
was followed. The survey link as well as carefully worded cover letter was mailed to all respondents in
the mailing list. Many of the respondents were also contacted by telephone and email requesting their
assistance by participation. After one week a follow-up letter, duplicating the first, was mailed to
respondents and they were asked to forward the survey link to colleagues whose experiences they
considered relevant to the survey. A total of 29 mails returned undelivered while 111 out-off office auto
reply messages were received. The graph in Figure 13; shows number of survey responses plotted
against time (days). This study however was performed following the guidelines of the University of
Tennessee Institutional Research Board for Human Subjects, see Appendix B.

Completed

Number of Responses

250

Not Completed
200
150
100
50
0
1

2

3

4

5

6
Days

Figure 13: Survey Response Time
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4.3 Statistical Analyses
The data in the first section are nominal data that categorized respondents by job title and years of work
experience while the second section has dichotomous. With regards to statistical analyses, measuring
frequency of occurrence of data categories and distribution of data are the most effective methods of
translating survey inputs into meaningful results [92]. Bar charts, pie and histograms are appropriate for
visual presentation for measurement of dispersion [93].

4.3.1 Section one: descriptive statistics
A total of 441 respondents completed the survey representing 15.2% response rate. The response rate for
a 25 question online questionnaire is about 7% and average response rate is 13.4% [94] [95]. In the first
section, descriptive statistics result shows that 86.8% of respondents have more than fifteen years of
relevant experience in manufacturing or production systems, 7.1% have between ten and fifteen years
experience, 3.1% have between six years and ten years experience, 1.4% have between four and six
years experience, 1.0% have between two years and four years experience while 0.5% have less than
two years as shown in table 4 and figure 14. The distribution by job title was: 22.0% senior managers,
18.7% middle managers, 17.0% managers, 11.9% vice presidents, 8.9% presidents, 3.6%
academia/consultants, 1.3% executive presidents and others 12.3% as shown in table 5 and figure 15.
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Table 4: Respondents years of experience
Item 1: How many years of work experience do you have?
Years of experience
Valid Percent (%)
Less than 2 years
0.5
More than 2 years but less than 4 years

1.0

More than 4 years but less than 6 years

1.4

More than 6 years but less than 10 years

3.1

More than 10 years but less than 15 years

7.1

Above 15 years

86.8

Figure 14: Bar plot of respondents’ years of experience
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Table 5: Respondents job title
Item 2: Which of the following best describe your
job title?

Valid Percent (%)

Academia/Consultant

3.6

President
Vice President
Executive President
Senior Manager
Middle Manager
Manager
Supervisor
None of the above

8.9
11.9
1.3
22.0
18.7
17.0
4.2
12.3

Figure 15: bar plot of respondents’ job title
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4.3.2 Section two: hypotheses test results

The second section consists of yes/no (1/0) dichotomous data that are mutually exclusive and equally
likely against each root cause item shown in Appendix B. A test of significant difference between the
“yes” responses and “no” responses for employee workload and running equipment outside design
specification are shown on table 6. The test is based on asymptotic significance two-tailed binomial test
at significant level (α = .05). The binomial test of significance involves the determination of the
probability of getting “yes” observations in one category of a dichotomy and “n – yes” observations in
the other category when a sample of size ‘n’ is given table 3.

Step 2: Assumption of normal approximation for binomial test since P × n > 10 for both
responses; where P = 0.5 and n = 441. With α = 0.05, the critical region is defined is defined as
any z-score value greater than +1.6448 and less than - 1.6448.

Step 3: Calculating the test statistics for Employee workload-Materials; the data has 223 yes
responses out of 441 respondents, so the proportion is

223

 0.5057
441

The corresponding Z-score is

  P  0.5057  0.5000  0.0057  0.2394

0.0238
P  P
 
0.5000  0.5000
441

The Probability: p-value is computed as P (z < - 0.2394 or Z > 0.2394)

= P (z < - 0.2394) + P (z > 0.2394)
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= 0.4204 + 0.4204

= 0.8408

Step 4: Decision about H0: The obtained z-score is not in the critical region, also p-value > 0.05.
Therefore, the null hypothesis was not rejected, as shown in table 6 row 1. On the basis of these
data, the proportion of yes responses for this survey item is not significantly different from “No”
responses.

Repeating Steps 3 - 4 for Employee workload-Equipment

Calculating the test statistics for Employee workload-Equipment, the data has 334 yes responses
out of 441 respondents, so the proportion is

201

 0.4558
441

The corresponding Z-score is

  P  0.4558  0.5000  0.0442  1.8579

0.0238
P  P
0.5000  0.5000
 
441

The Probability: p-value is computed as P(z < -1.8579 or Z > 1.8579)
= P(z < - 1.8579) + P(z > 1.8579)
= 0.0331 + 0.0331 = 0.0662
P = 0.0662

Step 4: Decision about H0, the obtained z-score is not in the critical region also p-value > 0.05.
Therefore, the null hypothesis was not rejected as shown in table 6 row 2. On the basis of the
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data, the proportion of “yes” responses for this survey item is not significantly different from
“no” responses.

Also, repeating Steps 3 - 4 for Employee workload-Personnel;

Calculating the test statistics for Employee workload-Personnel, the data has 334 yes responses
out of 441 respondents, so the proportion is

334

 0.7574
441

The corresponding Z-score is

    0.7574  0.5000  0.2574  10.8138

0.0238
P  P
0.5000  0.5000
 
441

The Probability: p-value is computed as P(z < -10.8138 or Z > 10.8138)

= P(z < - 10.8138) + P(z > 10.8138)
= 0.0000 + 0.0000 = 0.0000
P = 0.000

Step 4: Decision about H0, the obtained z-score is in the critical region also p-value < .05.
Therefore, the null hypothesis was rejected, as shown in table 6 row 3. On the basis of the data,
the proportion of “yes” responses for this survey item is significantly different from “no”
responses. Table 6, shows the calculated p-values as generated by PASW.
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Also in table 6 row 4, Employee workload – schedules reliability has; p-value
value = .000,
.0 this p-value
also indicates a significant ddifference between number of “yes or no” responses; therefore the null
hypothesis was rejected.

Subsequently, other rows follow similar interpretation and were compiled for all items in table 7. In the
table 7, items with significant “yes” and “no” are marked with two and three asterisks respectively.

Table 6: Item one hypothesis test summary
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Table 7: Wholes items hypotheses test summary
Materials
Equipment Personnel Schedules
P-value
P-value
P-value
P-value
1
Employee workload
0.849*
0.070*
0.000 ** 0.000 **
2
Running equipment outside design specification
0.000 **
0.000 **
0.000*** 0.253*
3
Lack of cross functional training
0.000 *** 0.000***
0.000 ** 0.000 **
4
Lack of effective communication between employee
0.488*
0.005***
0.000 ** 0.000 **
5
Carrying cost of production materials
0.000**
0.000***
0.000*** 0.208*
6
Inadequate inspection
0.152*
0.000***
0.013 ** 0.000 **
7
Sudden change in equipment capacity
0.461*
0.000***
0.000*** 0.000***
8
Change of equipment operator
0.000***
0.033*
0.000 ** 0.000 **
9
Inventory level
0.000**
0.000***
0.000*** 0.000 **
10 Using production equipment beyond its useful life
0.000***
0.000 **
0.000*** 0.000 **
11 Deviation from standard operating procedure
0.748*
0.004**
0.963*
0.000 **
12 Inadequate cash flow
0.000**
0.31*
0.000 ** 0.025**
13 Lack of skill required to operate equipment
0.000***
0.002**
0.000 ** 0.000 **
14 Lack of employee motivation
0.000***
0.000***
0.000 ** 0.000 **
15 Multiple product mix
0.000**
0.002**
0.000*** 0.000 **
16 Change in product demand
0.000**
0.025**
0.039*** 0.000 **
17 Unscheduled equipment maintenance
0.000***
0.000 **
0.000*** 0.000 **
18 Fatigue
0.000***
0.000***
0.000 ** 0.000 **
19 Processing time variation
0.06*
0.000 **
0.436*
0.000 **
20 Ordering cost of required materials
0.000**
0.000***
0.000*** 0.000 **
21 Change of scheduled capacity
0.000**
0.000 **
0.126*
0.000 **
22 Supplier constraints
0.000**
0.000***
0.000*** 0.000 **
23 Inadequate order quantity
0.000**
0.000***
0.000*** 0.000 **
24 Employee absence at work
0.000***
0.000***
0.000 ** 0.000 **
25 Incorrect calibration of equipment
0.000***
0.000 **
0.000*** 0.017**
26 Poor crew teamwork
0.000***
0.000***
0.000 ** 0.000 **
27 Poor forecast
0.000**
0.214*
0.924*
0.000 **
28 Error in balancing production line
0.214*
0.000 **
0.000 ** 0.000 **
29 Work station design error
0.000***
0.002**
0.445*
0.001**
30 Role ambiguity
0.000***
0.000***
0.000 ** 0.152*
* No significant between yes/no response, ** significant “yes” response, *** significant “no” response, α=.05
Root cause Items
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Table 8: Shows a visual row operation that clustered items based on significant yes/no responses

Root-cause Items

Materials

Equipment

Personnel

Schedules

P-value
(Yes/No)

P-value
(Yes/No)

P-value
(Yes/No)

P-value
(Yes/No)

0.310*
0.069*
No
No
No
No
No
No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
0.214*
No
No
No
No
No
Yes
No
No
No

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
0.552*
0.436*
No
No
No
0.445*
0.126*
No
0.039*
0.924*
No
No
No
No
No
No
No
No
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
0.603*
0.260*
No
0.152*

12
Inadequate cash flow
Yes
1
Employee work load
0.729*
4 Lack of effective communication between employee
0.488*
8
Change of equipment operator
No
3
Lack of cross functional training
No
14
Lack of employee motivation
No
18
Fatigue
No
24
Employee absence at work
No
26
Poor crew teamwork
No
13
Lack of skill required to operate equipment
No
28
Error in balancing production line
0.214*
11
Deviation from standard operating procedure
0.891*
19
Processing time variation
0.060*
10 Using production equipment beyond its useful life
No
17
Unscheduled equipment maintenance
No
25
Incorrect calibration of equipment
No
29
Work station design error
No
21
Change of scheduled capacity
Yes
15
Multiple product mix
Yes
16
Change in product demand
Yes
27
Poor forecast
Yes
9
Inventory level
Yes
20
Ordering cost of required materials
Yes
22
Supplier constraints
Yes
23
Inadequate order quantity
Yes
6
Inadequate inspection
0.193*
2
Running equipment outside design specification
No
5
Carrying cost of production materials
Yes
7
Sudden change in equipment capacity
0.665*
30
Role ambiguity
No
“*” No significant difference between Yes/No Responses, α = .05
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Table 8, shows a visual row operation that clustered items based on significant yes/no responses after
substituting significant p-values
values with corresponding “yes” and “no” responses and moving table rows to
cluster all ‘yes’ and ‘no’ responses. Based on the clusters, root cause items; change of scheduled capacity
(21), multiple product mix (15) and change in product demand (16) significantly and simultaneously
affect material, equipment
ent and schedule. This simultaneous effect is an indicator for interaction that exists
among the three primary resources. Similarly, error in balancing production line (28) affects equipment,
personnel and schedules. The following items affects materials and
nd schedules simultaneously: cash flow,
change of scheduled capacity, multiple product mix, change in production demand, poor forecast,
inventory level, ordering cost of required materials, supplier constraints and inadequate order quantity.
Also, in table 8 almost every item has significant effect on schedules except sudden change in equipment
capacity. While running equipment outside design specification, carrying cost of production materials
and role ambiguity affect schedules by cchance. Almost one-third of the root cause items impact each of
these primary resources: materials, equipment and personnel. Although the items were randomized in the
questionnaire, the row clustering operation identified these root cause
causes along the primary resource they
significantly impact, figure 16 also charts identified interactions.

No interaction

20 root causes have
2-way
way interaction

6 root causes have
3-way interaction

two-way
way interaction

three-way
way interaction

Figure 16: Identified interactions
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4.3.3 Pearson Correlation
A correlation is a number between -1 and +1 that measures the degree of association between two
variables for instance X and Y. A positive value for the correlation implies a positive association (large
values of X tend to be associated with large values of Y and small values of X tend to be associated with
small values of Y). A negative value for the correlation implies a negative or inverse association (large
values of X tend to be associated with small values of Y and vice versa). Suppose the means of X and Y
are  and  respectively and their standard deviations are  and  respectively. The correlation is
computed as:

r

$%!Y#  Y
$%
∑'#()!X #  X
!n  1%S, X-

The Pearson correlation coefficient indicates the strength of a linear relationship between two variables,
but its value generally does not completely characterize their relationship. Correlation can be taken as
evidence for a possible causal relationship however it cannot indicate what the causal relationship, if any,
might be [96].
4.3.4 Interactions between a primary resource and its root cause items (Iii)
Table 9-11, show Pearson’s correlations of clustered items for materials, equipment and personnel
respectively. In table 9, materials root cause items: poor forecast-change in scheduled capacity, change in
product demand-multiple product mix, poor forecast-change in product demand, inventory level-change
in product demand, inventory level-poor forecast, supplier constraint-poor forecast, inadequate order
quantity-poor forecast have fairly strong correlation. Also, ordering cost of required materials-inventory
level, supplier constraint-inventory level, inadequate order quantity-inventory level, supplier constraintsinventory level and inadequate order quantity have fairly strong correlation. However, other pair-wise
correlations are weak. There are few fairly strong correlations in equipment items as shown in table 10.
Change of scheduled capacity-error in balancing production line, change in product demand-error in
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balancing production line and change of scheduled capacity-processing time variation have fairly strong
correlations. While change in product demand-processing time variation, unscheduled equipment
maintenance-using production equipment beyond its useful life and change in product demand-multiple
product mix have fairly strong correlation.

In table 11, change of equipment operator-lack of effective communication between employees, employee
absence at work-lack of employee motivation and poor crew teamwork-lack of employee motivation have
fairly strong correlation. While employee absence at work-fatigue and poor crew teamwork-employee
absence at work also have strong correlations.
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Table 9: Pearson correlations of clustered materials items
Items- Materials
29
29. Change in scheduled capacity
1.000
15. Multiple product mix
.302**
16. Change in product demand
.392**
.409**
27. Poor forecast
9. Inventory level
.335**
20. Ordering cost of required materials
.264**
22. Supplier constraints
.328**
23. Inadequate order quantity
.353**
**. Correlation is significant at the 0.01 level (2-tailed).

15

16

27

9

20

22

23

1.000
.433**
.334**
.367**
.274**
.335**
.272**

1.000
.501**
.487**
.297**
.372**
.307**

1.000
.414**
.321**
.452**
.416**

1.000
.403**
.449**
.442**

1.000
.420**
.398**

1.000
.509**

1.000

Table 10: Pearson’s correlations of clustered equipment items
Items - Equipment
28
11
28. Error in balancing production line
1.000
.294**
11. Deviation from standard operating
1.000
procedure
.279**
19. Processing time variation
.396**
10. Using production equipment beyond .281**
.313**
its useful life
.360**
17. Unscheduled equipment maintenance .344**
.282**
25. Incorrect calibration of equipment
.282**
**
29. Work station design error
.286
.179**
.501**
.299**
21. Change of scheduled capacity
**
15. Multiple product mix
.355
.292**
.420**
.318**
16. Change in product demand
**. Correlation is significant at the 0.01 level (2-tailed).

19

10

1.000
.259**

1.000

.320**
.212**
.262**
.412**
.396**
.405**

.459**
.291**
.251**
.302**
.246**
.263**
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17

25

29

21

15

16

1.000
.352**
.222**
.329**
.260**
.354**

1.000
.361**
.279**
.181**
.289**

1.000
.226**
.192**
.218**

1.000
.336**
.386**

1.000
.458**

1.000

Table 11: Pearson’s correlations of clustered personnel items
Items - Personnel
12
1
12. Inadequate cash flow
1.000
1. Employee workload
.244** 1.000
4. Lack of effective communication
.187** .251**
between employee
8. Change of equipment operator
.040
.196**
3. Lack of cross functional training
.199** .336**
13. Lack of skill required to operate
.059
.135**
equipment
14. Lack of employee motivation
.170** .263**
18. Fatigue
.272** .301**
24. Employee absence at work
.272
.235**
26. Poor crew team work
.075
.249**
28. Error in balancing production line .349** .277**
**. Correlation is significant at the 0.01 level (2-tailed).

4

8

3

13

.410**
.397**
.273**

1.000
.371**
.393**

1.000
.308**

1.000

.373**
.332**
.290**
.351**
.245**

.247**
.215**
.189**
.250**
.186**

.278**
.374**
.352**
.199**
.216**

.366**
.291**
.355**
.331**
.233**

14

18

24

26

28

1.000
.376**
.450**
.413**
.214**

1.000
.498**
.331**
.313**

1.000
.435**
.344**

1.000
.272**

1.000

1.000
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Chapter 5
Risk Prioritization of Lean System (RPLS)
5.1 Integrating Interactions with RPLS
Phase 1: Development of Lean System Hierarchical Tree Diagram
Materials

Phase 2:

Equipment

Personnel

Schedules

Phase 3: Prioritization of Lean Reliability

Comparison of
actual operating
conditions with
lean design
requirements

Root Causes
and Primary
Resource
Interactions

Modified FMEA

Severity, Probability of Occurrence,
Effectiveness of Detection

Risk Assessment
Value

Improvement
Strategy

Phase 4:
Development of RPLS Tool
Adopted from Karthik’s thesis

Figure 17: Integrating interaction in risk prioritization of lean systems
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Risk prioritization of lean system (RPLS) used by Karthik Subburaman allowed users of his modified
FMEA software to evaluate and compare actual operating conditions with lean systems design
requirements [97]. This comparison is focused on identifying and reducing risks by implementing
effective lean controls.
However, in his efforts, he used four phases; Hierarchical Tree Diagrams (HTD) to derive a list of
necessary operating conditions for lean systems, which resulted to identification of root causes as Risk
Factors, comparison of actual operating conditions with lean design requirements, and finally used visual
basic application to automate modified FMEA risk prioritization.
The results in chapter four of this work would be necessary at the third phase in his RPLS process as
shown in figure 17. For instance, probability of occurrence determines the likelihood of occurrence of a
risk factor referred to root causes in this study. In considering the likelihood of occurrence of any
identified risk factor or root cause, knowledge of interaction established in chapter four would be
necessary to link the risk factor or root cause to other resources and root causes it interact with. As shown
in table 8 inadequate order quantity, though a risk factor or root cause under materials also impacts
schedules. Similarly, in table 9 inadequate order quantity has fairly strong correlation with poor forecast,
inventory level and supplier constraints. Therefore, in ranking inadequate order quantity with Karthik’s
modified FMEA software, adequate adjustments need to be made to link it to schedules, poor forecast
and supplier constraints to account for their effects. The factor by which a risk factor or root cause is
adjusted would depend on the strength of the risk factor’s or root cause’s correlation with others. This
study proposed adjusting ranking a risk factor by number of root causes or resources it affects.
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Inventory
Level

0.442

Inadequate
Order
Quantity
0.416

Poor
Forecast

0.509

Supplier
Constraints

Figure 17: Adjusting modified FMEA for correlations and interactions (using risk factors or root causes)

5.2 Interaction Effect in RPLS
Application of interaction effect in modified FMEA would influence decision at every level of
prioritization. With this effect in mind and appropriate adjustment in the software, a user would be
prompted to evaluate other risk factors that impact a risk factor under consideration. On the other hand,
erroneous decisions might be made if interactions were not considered during prioritization.
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Chapter 6
Conclusion
6.1 Derived Interaction
This study examined the interaction between primary resources and root causes in lean production system
by constructing and using online survey to harness experiences of production, manufacturing and
industrial employees and experts. The result supports interaction as defined and developed in this study.

6.2 Interaction Leverage
The patterns of lean resource interactions are not easily perceived, without a visual display as
demonstrated in this study. However, these resources before now were perceived to be independent but
the result of this study shows otherwise. This underscores the need to understand underlying relationships
that are until now neglected. As stated earlier lean production is an integrated system of highly interrelated element. In explaining interrelationships, researchers frequently rely on the significance of the
empirical result [10]. Also, this empirical result is in line with common sense and what obtains in
practice. Therefore, this study would serves as a prioritization reference resource for production system
managers and lean implementation experts. It would also enable experts to direct their efforts and
resources to prevent undesired events that have the greatest impact on the system.

6.3 Limitations and Future Research
This study has a number of limitations which may affect the interpretation of the result. First,
decomposition of primary resources was not exhaustive and did not consider all possible root causes.
Also, using possible root causes and five or seven point Likert scale [98] on the multiple response items
would have been appropriate, but would increase time required to complete the survey. However, survey
lengths are generally found to have negative linear relation with response rate [99]. Second, paper survey
mail was not used in this study, to capture attention of potential respondents who preferred not be
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solicited with email. The threat of viruses delivered from unsolicited email may discourage potential
respondents from reading unsolicited email [95]. The data need to be populated by adding more potential
respondents to the mailing list. However, the frequency count in each item is significantly large. Despite
the potential of this approach, a new challenge would focus on integrating these established relationships
in analyzing reliability of lean primary resources - materials, equipment, personnel and schedules.
Application of data mining technique could identify possible trends or clusters.
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